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ABSTRACT
TECHNIQUE FOR NORMALIZATION OF CROSS-LINKED PEPTIDE ION INTENSITY TO
ELUCIDATE ENZYMATIC CONFORMATIONAL CHANGES
by
Donna Hogan
University of New Hampshire, May 2017
Cross-linking coupled to Liquid Chromatography/Mass Spectrometry (CXMS) has
become an invaluable technique for examining protein-protein interactions and monitoring
enzymatic conformational changes. Thus far, comparative quantitation of cross-linked peptides
measured by their mass spectrometry (MS) ion intensity is employed to deduce residue crosslinking propensity and spatial proximity. Using two distinct conformations of a structurally
well-characterized model protein, we examined the correlation of cross-linked peptide MS
signals and distances, but were not able to observe any obvious correlation. Conceivably,
several physiochemical factors can affect residue reactivities thus MS signal intensity of the
corresponding cross-linked peptides. For NHS ester chemical cross-linkers, the NHS ester
functionality often undergo hydrolysis simultaneously to produce dead-end cross-links.
Importantly, these dead-end cross-links have proved to be a reliable measurement of the crosslinked lysine residues. Therefore, we propose a novel analytical method by which these deadend cross-links provide important contextual information about the amino acid side chains
involved in cross-linking reactions. Normalization of cross-linked peptide ion intensity against
the cognate dead-end cross-links yields a value (proportional cross-link intensity) which can
provide a basis for comparison across different biochemical conditions or enzyme interaction
states. In this work, we use this method in conjunction with isotopically labeled cross-linking
reagents to examine the conformational changes on the part of HtpG (the E. coli homolog of
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Hsp90) and a truncation mutant of one of its client proteins, Staphylococcal Nuclease. Dramatic
conformational changes are observed in the client protein as HtpG transitions through its ATPase
cycle. Next, we apply label-free quantitation and the proportional cross-link intensity model to
the vertebrate retina enzyme Phosphodiesterase 6 (PDE6). Through pair-wise combinations of
the catalytic subunits, cyclic GMP, and the inhibitory subunits, we observe conformational
changes in response to allosteric binding of regulatory subunits and molecules.
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Chapter 1. Introduction and Background
1.1: A brief look at integrative structural biology and protein interactions
The various functions of proteins and protein complexes are carried out on the platform
of their three-dimensional structures. Therefore, detailed protein structural information is critical
for mechanistic understanding of biological processes inside the cell. Current biophysical
methods for protein structural characterization include X-ray crystallography, Nuclear magnetic
resonance (NMR) spectroscopy, small angle x-ray scattering (SAXS), hydrogen/deuterium
exchange (HDX), chemical cross-linking and mass spectrometry (CXMS), circular dichroism
(CD) spectroscopy, and increasingly, cryo-electron microscopy (cryo EM).
X-ray crystallography offers atomic resolution information, thus considered to be the
gold standard in structural biology. This technique requires the generation of well-diffracting
protein crystals from large quantity of highly purified proteins in homogeneous biochemical and
conformational states, which can be particularly challenging to achieve with large or membrane
associated proteins [1]. However, if it can be accomplished, the resolution is generally excellent,
with resolution on the order of 1-3 Å. Another caveat of this method resides in potential
structural artifacts, especially for conformationally flexible enzymes. Since the crystal
environment is very different from the cytosolic environment of the cell, the data might differ
significantly from the native conformation. NMR also provides high resolution structural
information. However, concentrated protein solution is needed to obtain high quality spectra. In
addition, it quickly gets challenging to interpret NMR spectra as the size of the protein increases
[2]. Single particle cryo-EM has recently started to generate near-atomic resolution structures of
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proteins and protein complexes, with the ability to extract different conformations of the same
biomolecules and elucidate their actions inside the cell [3, 4]. However, due to the low signal-tonoise ratio of individual images acquired under low electron doses for high-resolution cryo-EM
data, tens to hundreds of thousands of images of single particles need to be averaged. Proper
processing of cryo-EM data is lengthy and computationally challenging.
Medium resolution data gained from SAXS, HDX, CXMS, and CD can be used in
conjunction with other structural information and contributes to the generation of integrative
models [5]. Such hybrid approaches have proven useful in solving the structures of the nuclear
pore complex [6, 7], the RNA exosome [8], and yeast chromatin [9]. SAXS is useful for
molecules in solution, but may be representative of multiple populations of conformations [10].
HDX is particularly useful for examining the surfaces involved in the interaction of protein
complexes, since the exchange of hydrogen for deuterium is much more rapid on those which are
not shielded by a ligand or interacting protein [12]. CD relies on the differential absorption of
circular polarized light by alpha helices and beta sheets. As such, it provides a complementary
method for exploring protein stability and intermolecular interactions [13]. Chemical crosslinking combined with LCMS/MS is becoming more widely used in conjunction with integrative
modeling techniques, and is discussed in further detail in the next section. Furthermore,
structural information acquired from various methods can be combined to provide mechanistic
insights, such as tandem affinity purification and MS to determine subunit stoichiometry [8] and
CXMS with X-ray crystallography data to elucidate filament formation and subunit interaction
dynamics [14].
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1.2: Cross-linking combined with LCMS (CXMS)
Chemical cross-linkers are bi-functional molecules of known length and weight, which
covalent link residues in spatial proximity [15]. As such, they act as a “molecular stapler”, and
serve to predict folds, build topology, and determine interaction surfaces. Because the crosslinker are of known length, identification of which amino acid residues are linked together yields
binary distance constraints, which can be combined with homology modeling and other
experimental data to refine structural models, elucidate protein interactions, and examine
conformational changes within a protein or complex. [16, 17].
Among the most commonly used cross-linkers are NHS esters, such as DSS
(disuccinimidylsuberate) and BS3 (bis(sulfosuccinimidyl)suberate). These are reactive towards
primary amines, including the N-terminus of proteins and side-chain of lysine residues. Both
reagents are 11.4 Å long and can be augmented with deuterium or other functional groups to aid
in quantitation and differential comparison. Other cross-linkers may be cleavable (to enable
peptide sequencing at the MSn level), or photoactivatable, to capture specific interactions [1821].
Inherent to the use of cross-linkers is the bioinformatic challenge of finding an efficient
way to interrogate a database of potential tryptic peptides to determine the cross-linked peptides
which are present, and which are linked together. Search strategies and algorithms score the hits
on the basis of MS2 spectra quality, and mass accuracy. The peptide search engine used in this
work, Protein Prospector (UCSF) treats each cross-linked peptide moiety as regular peptides
with mass modifications [22] and accounts for the asymmetric peptide fragmentation observed
following collision induced dissociation, and employs a conservative method for ranking
potential identities of cross-linked peptides [23, 24].
3

Amine reactive cross-linkers such as BS3 and DSS undergo a competing side-reaction:
hydrolysis with water in the solution, resulting in only one end of the cross-linker reacting with a
peptide side-chain. These are sometimes referred to as dead-end, mono-link, or surface modified
peptides. This is estimated to occur much more frequently than a complete cross-link [25, 26],
and is usually not included in any downstream analysis. Results from CXMS studies have been
largely used as binary data, suggesting presence of spatial proximity of cross-linked residues [27,
28]. Several recent studies use quantitative MS signals of cross-linked peptides to directly infer
large-scale domain displacement or rearrangements. However, it remains unclear how accurate
the conclusions are without determining physicochemical properties of the of cross-linked
residues in different biochemical states.
1.3 Objective
In this study, we hypothesize that quantitative MS information from surface modified
peptides can be utilized to deconvolute physicochemical properties of cross-linked residues [29]
and distance information of cross-linked residues can be derived after proper normalization. In
this sense, it is useful to consider the distance information in terms of restraints rather than
constraints. Constraint generally refers to a fixed estimate, while restraint implies the use of an
energy function in which deviation is allowed with some penalty [30]. Using two wellcharacterized conformations of a model protein, heat-shock protein 90 (Hsp90), we have
assessed the impact of various physiochemical properties on MS ion intensity of cross-linked
peptides. We have further developed a method to deconvolute quantitative CXMS data to derive
distance information of cross-linked pairs. We applied this method to the complex of E. coli
Hsp90 (HtpG) and its model client protein, formed in two different nucleotide-binding states.
Our quantitative data illustrate distinct interaction modes at different stages of chaperone4

substrate interaction. Using quantitative CXMS method, we analyzed allosteric regulation of
phosphodiesterase 6 (PDE6), the central effector enzyme in vision signaling transduction
pathway. Our results suggest structural elements that link spatially distinct regulatory domains
and catalytic domains, providing mechanistic understanding on PDE6 allosteric regulation.

5

Chapter 2. HtpG and Cross-link Ion Intensity Normalization
2.1 Introduction
Protein complexes, dynamic in molecular composition and structural conformation,
constitute the structural and functional modules of the cell [33, 34]. Information on the
architectural organization of protein complexes and the molecular recognition among their
subunits is highly desirable for mechanistic understanding of cellular processes. Increasingly,
chemical cross-linking and mass spectrometric analysis (CXMS) is providing important
contributions to the structural and functional understanding of proteins and protein complexes
[34-38]. This approach enables the identification of residues that are close in three-dimensional
space but distant in primary sequence, providing intermediate resolution information to guide de
novo structure prediction [39], protein interface mapping [40-42] and protein complex model
building [43]. The robustness and compatibility of the CXMS approach with multiple
biochemical methods have made it especially appealing for challenging systems with multiple
biochemical composition and conformation states. In addition, CXMS is highly effective in
complementing other structural characterization methods and significantly improves the
accuracy of structure prediction [44]. Recent developments in bioinformatics have further
enhanced the throughput of CXMS data processing and analysis [23, 29, 45-50], enabling its
application to large multi-subunit protein complexes [19, 28, 51-55].
While obtaining qualitative information on the spatial proximity of amino acids from
CXMS has become nearly routine, the more challenging quantitative analysis has the potential to
locate structural elements that distinguish different conformational states [56]. Strategies
utilizing isotope-labeled cross-linkers [57, 58] and label-free quantitation of cross-linked
peptides [59] have been utilized to elucidate conformational changes in proteins and protein
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complexes. However, the yield of cross-linking products is affected by multiple factors,
including the distance of cross-linked pairs, solvent accessibility, pKa value [60-62] and protein
surface electrostatic topology [63], which makes it difficult to determine the detailed biophysical
nature of conformational changes elucidated by quantitative CXMS analysis.
Amine-reactive cross-linkers are widely used in CXMS studies, due to the favorable
distribution of lysine residues on protein surfaces. During cross-linking, these reagents can also
undergo hydrolysis reactions and generate singly modified lysine residues (dead-end cross-links)
[64]. These dead-end cross-links can be utilized to reliably indicate the reactivity of modified
lysine residues [60, 65]. Conceivably, proper normalization of quantitative MS data might allow
deconvolution of changes in reactivity and distance. In this study, we test this idea with a CXMS
study on a large dynamic molecular chaperone.
Heat shock 90 (Hsp90) proteins constitute a highly conserved and ubiquitously expressed
chaperone family [66-68]. Hsp90 chaperones stabilize transient near-native conformations of
‘client proteins’, both suppressing aggregation [69, 70] and regulating protein activities that are
essential to cell signaling and adaptive stress responses [71-73]. Hsp90 functions as a
homodimer, with each monomer composed of an N-terminal ATP-binding domain (NTD), a
middle domain (MD), and a C-terminal dimerization domain (CTD). The chaperone cycle of
Hsp90 is coupled to ATP binding and hydrolysis, with multiple conformational states suitable for
its interactions with client and co-chaperone proteins [74-76]. ATP binding elicits extensive
conformational changes in Hsp90, switching from a V-shaped ‘open’ conformation to an NTDdimerized ‘closed’ conformation. Meanwhile, repositioning of the NTD and MD constructs a
catalytically competent ATP-hydrolysis site on each monomer [68].
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Previous studies using a model substrate, a partially folded fragment of staphylococcal
nuclease (131), and bacterial Hsp90 (HtpG) have elucidated a conformational ‘crosstalk’
between the chaperone and its substrate, in which substrate binding drives large scale
conformational changes in Hsp90 [77, 78]; while Hsp90 remodels the structure of its client [59].
Results from CXMS data elucidate a client-interacting site on Hsp90, in excellent agreement
with those reported from both in vivo mutagenesis screens [79] and biochemical studies using
other Hsp90 model systems [25, 80]. In this study, we use two distinct conformations of the
bacterial Hsp90, HtpG, to explore correlations between the distances of cross-linked pairs with
signal intensity in MS data and develop a strategy to deconvolute changes in reactivity and
distance. With this new method, we investigate the HtpG/131 complex and reveal distinct
interaction modes between 131 and HtpG in different nucleotide-bound states. Our results
implicate HtpG structural components subject to conformational regulation in the chaperone
cycle.
2.2 Materials and Methods
Protein preparation, complex formation and chemical cross-linking
HtpG and Δ131Δ were purified as described previously [56, 73]. The ATP-state HtpG
was formed by incubation with 5mM AMPPNP (Adenylyl-imidodiphosphate) in 25 mM HEPES,
25 mM KCl, 5 mM MgCl2, pH 8.5 at 37 °C for 30 min. Cross-linking experiments were carried
out with 50-fold molar excess (for HtpG alone) or 10-fold molar excess (for HtpG/131
complex) of BS3-d0 or BS3-d4 (Peirce) for 1 hour at room temperature. After quenching, lightor heavy-isotope cross-linker treated samples were combined, separated by SDS-PAGE and ingel digested [41].
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Cross-linked peptide identification and quantitation
After in-gel digestion, cross-linked samples were analyzed by LC-MS/MS as described
previously [41]. An UltiMate 3000 Autosampler (Dionex Corp., Sunnyvale, CA) injected a 1 µL
aliquot of the extracted peptide solution into a 150 µm x 10 cm reverse-phase capillary column
packed with C18 resin (pore size 100 Å) at a flow rate of 450 nL/min. The HPLC eluent was
directed to the nanoelectrospray ionization source of an LTQ Orbitrap XL mass spectrometer
(Thermo Scientific, Waltham, MA). LC-MS/MS data were acquired in information-dependent
mode, cycling between MS scans (m/z 315-1,800) in the Orbitrap and low-energy CID analysis
of the three most intense multiply charged precursors in the linear ion trap. Cross-linked
peptides were identified using UCSF Protein Prospector, based on a bioinformatic strategy
described previously [23]. Averaged MS peak heights from the elution time window of crosslinked peptides and dead-end cross-links were used for comparative quantitation. To minimize
isotope overlapping, only the 3° and 4° isotopes of the light and heavy isotope-labeled crosslinked peptides and dead-end cross-links were used. Spectra of cross-linked peptides and deadend cross-links were manually inspected to verify both identification and quantitation.

Normalization, distribution fitting and distance calculation
The median of the MS signal intensity ratios of cross-linked peptides and dead-end crosslinks from each cross-linking experiment was used to normalize protein and cross-linker loading.
This approach was validated by a tight distribution of MS signal ratios for cross-linked peptides
and dead-end cross-links in open state HtpG samples treated with light- or heavy-isotope crosslinker (Fig. 3A). After loading normalization, the MS signal intensity ratios of two dead-end
cross-links were used for reactivity normalization, by dividing the MS signal ratio of cross-
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linked peptides by the product of MS signal ratios of the two cognate dead-end cross-links.
After reactivity normalization, the MS signal ratio of cross-linked peptides indicates the
distance-related cross-linking propensity of lysine residues.
Molecular graphics, analyses, and calculations of solvent accessible surface area and
distance between C of selected lysine residue side chains were performed with the UCSF
Chimera package [95]. The pKa values of cross-linked Lys residues were computed using
PROPKA [96].

2.3 Results
Quantitative cross-linking of HtpG in open and closed states
With well-characterized structures in various conformational states, the Hsp90 chaperone
is an attractive system to study the relationship between cross-linking propensity and structural
properties [68]. Previous studies have identified a conformational equilibrium of HtpG, affected
by pH and nucleotide-binding [81-83]. We selected two biochemical conditions for HtpG to
predominantly populate either the open apo or the closed ATP-bound conformation, using a nonhydrolysable ATP analog, AMPPNP. Upon nucleotide binding, each NTD undergoes extensive
rotations about the NTD:MD interface, while two monomers come together, dimerizing the
NTDs and activating the two ATP catalytic sites. The NTD rotation can be characterized by four
pairs of intra-monomer cross-links, with K45 in proximity with K294 and K298 in the open state
(Fig. 1A); whereas K229 in proximity with K294 and K298 in the closed state (Fig. 1B).
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Figure 1

Figure 1. Quantitative cross-linking of HtpG in apo- and ATP-state. The NTD/MD
interdomain rotation can be characterized by discriminative cross-linked pairs, K45-K294
for apo-state (A), K229-K294 for ATP-state (B). (C) L/H ratio and MS ion intensity
distribution of cross-linked peptides and dead-end cross-links for forward cross-linking
(ATP:d0; apo:d4; red dots) and reverse cross-linking (apo:d0; ATP:d4; blue dots)
experiments.
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To probe the structural differences between the open and closed states, HtpG proteins in
apo open and AMPPNP-bound closed states were cross-linked with heavy-isotope and lightisotope labeled bissulfosuccinimidyl suberate (BS3-d0/light; BS3-d4/heavy), respectively. After
the completion of cross-linking reactions, samples were combined and processed for quantitative
MS analysis. To assess possible isotope effects on cross-linking reactions, light- or heavyisotope labeled cross-linkers were swapped for open and closed state. Both forward (open/BS3d4; closed/BS3-d0) and reverse (open/BS3-d0; closed/BS3-d4) cross-linking experiments were
duplicated. Data acquired from four cross-linking experiments were processed separately, and
the MS signal ratio of light and heavy isotope was calculated for cross-linked peptides and deadend cross-links. Each cross-linking experiment generated approximately 30 to 40 MS signal
ratios, most of which were for dead-end cross-links. Assuming that the majority of the
secondary structures were preserved in the open and closed conformations, we used the median
ratio in each cross-linking experiment to normalize for protein and cross-linker loading. Outliers
in MS signal ratio were potential candidates, indicating structural elements that are different in
open and closed conformations.
As expected, K45-K294 and K45-K298 cross-linked pairs were highly enriched in open
state samples; while K229-K294 and K229-K298 cross-linked pairs were highly enriched in
closed state samples. The almost exclusive presence of the K45-K294 cross-link in the open
state (Fig. 1C; 620.344+/BS3-d4) and the K229-K294 cross-link in the closed state (Fig. 1C;
724.743+/BS3-d0) further indicates that under our biochemical conditions HtpG molecules were
primarily locked in either open or closed conformation. In addition, we compared the
closed/open state ratio of cross-linked peptides and dead-end cross-links between forward and
reverse cross-linking experiments (Fig. 3A), and observed consistent ratios between closed and
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open states, suggesting that: 1) the effect of heavy/light isotopes in cross-linkers was negligible
on quantitative MS data; 2) our dataset was properly normalized for protein and cross-linking
reagents loading.

Effects of structural properties on labeling and cross-linking reactions
With comparative quantitation data on two well-defined conformations, we examined the
relationship between Cα distances of cross-linked residues and MS signal intensities of the crosslinked peptides. We did not observe any obvious correlation (Fig. 2A). This lack of correlation
was not due to large technical variations or the lack of reproducibility, as cross-linking of open
state samples with light- or heavy-isotope labeled cross-linkers yielded a tight distribution of MS
signal ratios for both cross-linked peptides and dead-end cross-links (Fig. 2B). Physicochemical
properties of cross-linked lysine residues can differ in open and closed states, and these may lead
to different cross-linking reactivity and yield. Consistent with this notion, the MS signal ratios
of some dead-end cross-links from the closed/open dataset were substantially more dispersed
(Fig. 3B), in contrast to a tight distribution in open/open dataset (Fig. 2B). Since most dead-end
cross-links to a given site exist in significantly higher abundance than inter-peptide cross-links,
they can be utilized for relative quantitation of residue reactivity [60-63]. In our dataset, both
solvent accessible surface area (SASA) and pKa values (computed by UCSF Chimera [95] and
PROPKA [96], respectively) positively correlate with the reactivity of Lys residues when
quantitatively measured by dead-end cross-links (Fig. 3A, 3B).
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Figure 2

B

Figure 2. Dissecting effects of residue reactivity and distance in quantitative MS data.
Relationship between the distance ratio and MS ion intensity ratio of cross-linked
peptides before (A) and after (B) reactivity normalization. (C) The frequency
distribution of distances between the Cα of cross-linked residues in RNA polymerase
II complex. (D) Relationship between predicted and measured distance values in HtpG
ATP-state. Distance values in ATP-state were calculated from apo-state distance,
distance-frequency distribution and MS L/H ratios.
14

Figure 3

B

C

Figure 3. (A) L/H ratio distribution of cross-linked peptides and dead-end cross-links in
apo-state HtpG treated with light- and heavy-isotope cross-linker. For protein and crosslinker loading, L/H ratios were normalized again the medium of ratios of cross-linked
peptides and dead-end cross-links for each cross-linking experiment. Relationship between
the reactivity of Lys residues (measured by dead-end cross-links) and pKa value (B), or
solvent accessible surface area (SAS) (C). (D) Distance-frequency distribution of all Lys
residues in RNA polymerase II complex (PDB, 1wcm).
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Assuming a two-step reaction, we used the products of two reactivity ratios of the crosslinked Lys residues to normalize the effect of residue reactivity: X*ij = Xij/(Di*Dj) where Di =
MS closed/open signal ratio from the dead-end cross-links. The reactivity ratios of cross-linked
Lys residues in closed/open state were measured by the MS signal ratios of corresponding deadend cross-links in closed/open state. After reactivity normalization, we observed a significantly
improved correlation between the log ratios of Cα distance and cross-linked peptide ion intensity
(Fig. 2C, blue dots). Most data points populate the upper-left and lower-right quadrants of the
plot with a downward trend line, suggesting a negative correlation between the cross-linking
probability and distance between cross-linked pairs.
However, a subset of the measurements corresponds to a very different trend line (Fig.
2C, light blue dots). They localize in the lower left quadrant, suggesting a decreased crosslinking propensity in these pairs as residues get closer. These measurements were from three
cross-linked pairs of K212/K229, K271/K354 and K502/578, which displayed reduced crosslinking yield while C distances decreased in closed form. We inspected various possible
structure models, including models built from symmetric yeast Hsp90 [86], asymmetric
mitochondria TRAP1 [87], bacteria apo HtpG [88] and extended SAX structures [81]. We did
not identify steric hindrance or secondary structure changes to rationalize these observations,
though we could not eliminate possible effects of local structure dynamics.
A similar effect has been observed in other studies, such as two large-scale cross-linking
studies on RNA polymerase II complex using cross-linker BS3 [50, 51]. The frequency
distribution of C distances of cross-linked Lys residues is bell-shaped (Fig. 2D), distinct from
the distance distribution of all available Lys pairs in Pol II complex (PDB 1wcm) (Fig. 2D,
inset). Judging from the number of cross-linked pairs, the difference between the two
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distributions is not due to sampling saturation. In addition, BS3 (or DSS) cross-linking of other
protein complexes also produced bell-shaped distributions with similar boundaries and central
maxima [28, 89, 90], suggesting the distance-frequency distribution is independent of protein
complexes but intrinsic to the cross-linker.
Our results suggest that the collective behavior of a large population of cross-linked pairs
can indicate the distance and cross-linking propensity relationship of individual Lys pairs.
Consistent with this idea, all three aforementioned cross-linked pairs have lower cross-linking
frequency as their C distances decrease. In summary, our results suggest that 1) both residue
reactivity and distance contribute to the MS intensity of cross-linked peptides; 2) dead-end crosslinks can be used to normalize for reactivity, allowing inference of distance changes; 3) the
distance-frequency distribution derived from a large population of cross-linked pairs bears
predictive power over an individual cross-link’s distance.

Quantitative cross-linking of HtpG/client complex in open and closed states
The chaperone cycle of Hsp90 proteins is coupled to their ATP hydrolysis cycle, where
ATP binding, hydrolysis and ADP release lead to conformational changes in Hsp90s and mediate
the progression of client folding [68]. Our previous cross-linking studies helped identify an
initial substrate binding site in the MD/CTD of HtpG, along with long-range conformational
changes on HtpG and 131 [59, 77, 78]. Having developed a strategy to deconvolute residue
reactivity and distance of cross-linked pairs from quantitative cross-linking data, we examined
how different nucleotide-binding states affect the interactions between HtpG and its model
client, 131. We comparatively quantified HtpG/131 complexes in open or closed HtpG
states using isotope-coded cross-linkers (BS3-d0 or BS3-d4). We observed a reproducible
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enrichment of cross-linked HtpG/131 complex in the closed state over the open state, which is
consistent with a higher affinity between HtpG and 131 in closed state [77]. As expected, MS
quantitation ratios from forward (closedd0/opend4) and reverse (opend0/closedd4) cross-linking
experiments were reciprocal, suggesting minimal isotope effects in cross-linking reactions (Table
1).
After normalization for protein loading and residue reactivity, quantitative data from the
cross-linked peptides elucidated two distinct modes of interactions between HtpG and 131 in
the open and closed states (Fig. 4 and Table 1). Though the signal intensity of most
intermolecular cross-links skewed towards the closed state, the cross-link between K103HtpG and
the N-terminus of 131 was ~3-fold more abundant in the open state (Fig. 4A). The Nterminus of 131 cross-linked to only K103HtpG in the open state, in contrast to multiple Lys
residues of HtpG in the closed state (Table 1). In addition to residue K103HtpG, lysine residues
K354 and K560 also formed cross-links to 131 in the open state HtpG. These residues cluster
around a hinge region between the two monomer arms of HtpG in a V-shaped conformation; but
are scattered in other open state conformations. A previous study elucidated a shift in HtpG
conformation equilibrium towards a V-shaped conformation upon the binding of its substrate
[77]. The HtpG cross-linked residues in the open state likely come from this V-shaped
conformation, and they delineate a preferred 131 interaction site near the valley between the
two monomers in the open state.
Three additional lysine residues (K229, K294 and K298) formed cross-links to 131 in
the closed state HtpG (Fig. 4B). Lysine residues that show higher 131 cross-linking
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Figure 4
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Figure 4. Quantitative cross-linking of HtpG/131 complex in apo- and ATP-state.
Residues involved in the intersubunit cross-linking between HtpG and 131 were mapped
back to the structure of apo-state (A) or ATP-state (B). Comparative MS quantitation ratios
of cross-linked peptides between apo- and ATP-state were color-coded to illustrate
nucleotide-dependent interactions between HtpG and 131. The native SN structure is
shown for 131. (C, D) Quantitative MS spectra show preferred interactions between K354
and K560 of HtpG and K84 and K127 of 131 in ATP-state (blue colored cross-linked
peptides) over apo-state (red colored cross-linked peptides). However, the interactions
between K229 and K298 of HtpG and K84 and K127 of 131 are almost exclusive in the
ATP-state (blue colored cross-linked peptides).
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propensity in the closed state cluster in the MD at an internal cleft of the HtpG dimer. Multiple
residues around the MD cleft of yeast Hsp90 produced disappearing peaks in NMR spectra upon
the binding of human glucocorticoid receptor [80], corroborating the client binding site on Hsp90
chaperone we detected from the bacterial HtpG/131 system. In addition, the NTD rotation
during the transition from HtpG open to closed state repositions some residues at the NTD/MD
interface, such as K229, K294 and K298, towards the internal cleft of HtpG M-domain. As
expected, these residues formed cross-links to 131 only in the closed state.
Several 131 residues were involved in cross-linking with HtpG (Fig. 3). Though
131 is largely unstructured in solution, a region (residue 85-110) has significant structure [90]
and interacts with HtpG [93] (Fig. 4A, 4B, colored in olive green). In the native staphylococcal
nuclease (SN) structure, this region is flanked by residues that were cross-linked to HtpG. Two
131 residues near the structured region, K84 and K127, were cross-linked to HtpG K354 and
K560 in both the open and closed states (Fig. 4C, 4D). However, they only formed cross-links
with HtpG K229, K294 and K298 in the closed state (bottom panel in Fig. 3C, 3D), when these
residues were brought to the interacting surface upon NTD rotation. These results validate both
the conformational specificity of HtpG under our biochemical conditions and the specificity of
cross-linking reactions. Unlike protein complexes held by static interactions, K84131 and
K127131 were crosslinked to several HtpG residues of different regions. Similarly, several
HtpG residues were cross-linked to 131 residues from different regions of the SN native
structure. Our results suggest multiple binding orientations between HtpG and 131
conformers or substantial structural freedom in 131 conformers.
In addition to interprotein cross-links, multiple intraprotein cross-links were detected
among 131 residues (Table 2). Most pairs had higher or almost unchanged cross-linking
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Table 1

Intermolecular cross-links in HtpG/Delta Bands
m/z

z

protein1

A.A. 1

protein2

A.A. 2

ATP /Apo

Apo/ATP

842.4507
691.068
662.0565
524.9811
743.44
553.5485
707.9094
583.3398
450.2734
510.2813
520.0342
498.278
526.9545
745.4096
578.3155
671.3806
534.3035

3
3
3
3
3
4
4
4
3
4
4
4
3
3
3
3
3

Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta

A1
A1
A1
A1
A1
K28
K45
K45
K48
K63
K84
K84
K84
K84
K127
K127
K127

HtpG
HtpG
HtpG
HtpG
HtpG
HtpG
HtpG
HtpG
HtpG
HtpG
HtpG
HtpG
HtpG
HtpG
HtpG
HtpG
HtpG

K103
K229
K298
K354
K560
K354
K229
K354
K354
K354
K229
K298
K354
K560
K294
K298
K354

0.35
high
high
high
high
high
high
high
10.70
7.60
high
high
6.13
7.89
high
high
3.80

3.41
low
low
low
low
low
low
low
0.11
0.12
low
low
0.19
0.14
low
low
0.33

Table 1. HtpG/131 intersubunit cross-linked peptides and their L/H ratios
after reactivity normalization.
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Table 2

Delta intramolecular cross-links in HtpG/Delta Bands
m/z
753.4025
591.0969
621.3413
690.3782
707.3875
616.5925
592.5789
533.2848
383.9636
359.9494
539.5334
743.6447
546.6215
717.6254

z
3
4
4
3
4
4
4
4
4
4
4
4
3
4

protein1
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta

A.A. 1 protein2 A.A. 2
A1
Delta
K28
A1
Delta
K45
A1
Delta
K53
A1
Delta
K63
K45
Delta
K63
K45
Delta
K70ox
K45
Delta
K84
K48
Delta
K53
K49
Delta
K64ox
K49
Delta
K84
K63
Delta
K70
K64ox
Delta
K97ox
K84
Delta
K127
K116
Delta
K127

ATP /Apo
1.46
1.17
1.88
1.98
1.34
1.46
1.44
1.03
1.64
2.04
1.52
1.58
0.67
0.84

Apo/ATP
0.63
0.91
0.50
0.58
0.75
0.71
0.72
1.17
0.56
0.61
0.83
0.62
1.73
1.15

Table 2. 131 intrasubunit cross-linked peptides in cross-linked HtpG/131 complex
and their L/H ratios after reactivity normalization.
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propensity when in complex with the closed state HtpG, except one pair flanking the 131
region that interacts with HtpG (K84-K127). In our previous study, the K84-K127 pair
displayed the most significant decrease in the closed state, HtpG/131 complex when
compared to free 131 [59]. Our current study indicates lower cross-linking propensity in the
closed state than open state HtpG/131 complex. Together, these results suggest a continuous
structure remodeling on substrate 131, as chaperone HtpG progresses along its conformational
cycle from open to closed state. A possible reason for a wide-spread increase of 131
intraprotein cross-links in the closed, ATP-state HtpG/131 sample might be due to a higher
degree of folding in 131 to favor the formation of a few specific cross-links.

2.4 Discussion
Quantitative cross-linking to deconvolute residue reactivity and distance
The structure of proteins and protein complexes is highly contextual, sensitive towards
cellular localization, posttranslational modifications, ligand-binding and oligomerization state.
Many proteins have been observed to populate multiple structural conformations [92-94], and
subtle changes in primary structure can completely alter the fold and function of a protein [41].
Therefore, biochemical measurements to elucidate conformational changes, in conjunction with a
wealth of high-resolution protein structures, can reveal underlying mechanisms of complex
cellular processes. The sensitive and robust CXMS approach to elucidate spatial proximity of
amino acids offers valuable structural insights, especially on challenging systems that are
refractory towards traditional methods. The incorporation of isotope-coded cross-linkers in
CXMS can differentially label proteins and protein complexes of different conformational states
and implicate conformational changes. However, multiple physiochemical factors can lead to
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changes in cross-linking yield. Therefore, quantitative MS data of cross-linked products alone
provides only low resolution insights into the nature of conformational changes.
In this study, we examined how various physiochemical factors affect quantitative MS
data, and developed a method to deconvolute reactivity and distance of cross-linked residues
using quantitative MS data. Using two distinct conformations of HtpG, we demonstrated
substantially improved correlation between distance and quantitative MS data of cross-linked
pairs after reactivity normalization. Without reactivity normalization, we would not have been
able to detect changes in distance-caused cross-linking propensity between K212/K229 and
K271/K354 pairs, and would have assigned three other unique cross-linked pairs incorrectly. In
addition, for HtpG/131 complexes in open and closed states, we would not have been able to
identify substantial changes in cross-linking propensity in K84131/ K354HtpG,
K84131/K560HtpG, and K84131/K127131 pairs, which are likely caused by changes in
distance.
Dead-end cross-links are utilized to quantify the reactivity of individual Lys residues,
assuming they are the dominant cross-linking products due to the significantly higher
concentration of water molecules than that of the pairing Lys residue. However, when reactivity
of the side-chain is much higher than water and produce more cross-linking products, dead-end
cross-links become less representative for the reactivity of individual residues, leading to less
reliable normalization and larger errors.
Nucleotide-dependent, chaperone-substrate interactions in Hsp90 chaperone cycle
Using our reactivity normalization strategy, our quantitative cross-linking analysis of
HtpG/131 complex in open and closed states revealed different chaperone-substrate
interactions, and key structural elements to couple the chaperone and ATP hydrolysis cycle of
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Hsp90 molecular chaperones. While residues from the MD/CTD of HtpG were predominantly
cross-linked to the more structured region of 131, K103 from the NTD of HtpG formed crosslink with the N-terminus of 131. Our result is consistent with the notion that HtpG NTD
binds to short, unstructured peptides while the MD/CTD binds to more structured substrates [68,
69].
In open state, three HtpG residues (K103, K354 and K560) were cross-linked to 131.
Lysine residues K354HtpG and K560HtpG formed cross-links with multiple 131 residues. The
resulting cross-linked peptides had higher abundance than the K103HtpG/N-terminus131 crosslink, suggesting that HtpG MD/CTD constitutes the primary interaction site with 131. This is
in excellent agreement with previous in vitro and in vivo studies on HtpG [78, 79]. The
secondary interaction site (K103HtpG) localizes to the ‘lid region’ of the nucleotide-binding site in
HtpG NTD. It is quite specific in the open state, producing one cross-link with fairly high
abundance. A previous study suggests a cross-monomer contact with HtpG NTD can facilitate
the unfavorable NTD rotation for the activation of HtpG ATPase activity [78]. Consistent with
this idea, a molecular dynamics simulation identifies functional motifs around K103HtpG and
K354HtpG that regulate allosteric signaling and interdomain motions of the open, apo state HtpG
[91]. Interestingly, the activating cochaperone Aha1 binds to a similar region on yeast Hsp90 to
accelerate formation of the closed conformation [92]. Therefore, our results suggest that
preferred substrate binding near the allosteric elements of HtpG during initial binding might
elicit concerted rotations at the NTD/MD and MD/CTD inter-domain surfaces and facilitate the
progression of the ATPase cycle in HtpG. This direct coupling of substrate binding with
conformational changes in HtpG along the progression of the chaperone cycle provides a feasible
functional strategy with reduced dependence on cochaperones.
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Chapter 3. PDE6 and Proportional Cross-link Ion Intensity
3.1 Introduction
Phosphodiesterase 6 (PDE6) catalyzes the penultimate reaction in the visual signal
transduction cascade in vertebrate photoreceptor cells [97]. This membrane bound enzyme is
composed of two catalytic subunits (Pα and Pβ), flanked by two identical inhibitory subunits (Pγ)
[98]. Two post-translational modifications on PDE6, isoprenylation on Pα and Pβ, associate the
holoenzyme with the membrane of the outer segment of rod photoreceptor cells [99]. The
signaling cascade begins when a photon converts 11-cis retinal to all-trans retinal within
rhodopsin, which causes a conformational change in rhodopsin such that the alpha subunit of
transducin (Gt) dissociates from rhodopsin and displaces the Pγ subunit from the PDE6
holoenzyme (Pαβγγ), thereby relieving inhibition of the catalytic subunit. Pαβ then rapidly
hydrolyzes cGMP, which quickly reduces the local concentration of cGMP such that the cGMPgated ion channels in the membrane close, causing hyperpolarization and the activation of
secondary visual neurons. [97-108]
In addition to being inhibited by the Pγ subunits, Pα and Pβ are also allosterically
regulated by the binding of cGMP to the non-catalytic binding sites in the GAF domain [102].
The binding of noncatalytic cGMP and Pγ subunit is synergistic [99, 103, 100]. The two
catalytic subunits have similar but non-identical amino acid sequence, and the Pγ subunits adopt
an extended conformation when associated with Pα and Pβ, physically block the catalytic pocket,
and make contact along the length of the GAF domain, as previously elucidated by biochemical
and CXMS experiments [41, 101].
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Owing to the difficulties in heterologous expression of the holoenzyme and the relatively
low quantities that can be purified from tissue, there are many challenges preventing the
collection of X-ray crystallography data for this enzyme. Previous studies defined the
dimerization interface of the catalytic subunits and the interface between the Pγ and Pαβ
subunits, and generated integrative models based on CXMS-derived distance restraints [41].
Chimeras of PDE5/6 revealed an interface between the H and M loops of the catalytic domain
that enables binding of Pγ [107]. Binding of Pγ1-60 (a truncated mutant) to the GAF domain
does not increase hydrolysis of cGMP in the catalytic domain, but it does increase the binding
affinity of both Pγ63-87 and vardenafil to the catalytic domain [103]. In conjunction with drug
binding assays, this establishes the cooperative nature of inhibitory ligand binding to the GAF
and catalytic domains of Pαβ [103]. This implies allosteric communication between the GAF
and catalytic domains. Additionally, cGMP, the first deactivation step, has been shown to
initiate a slow conformational change which is accelerated by subsequent binding of Pγ [100].
This work illustrates the structural consequences within the catalytic domain upon binding of
cGMP and Pγ using quantitative CXMS. Briefly, we identified several additional structural
loops in the catalytic domain which undergo changes depending on the specific ligands bound to
Pαβ. These indicate the unique contributions of cGMP and P in the regulation of Pαβ.
3.2 Materials and Methods
Materials – Bovine retinas were purchased from W.L. Lawson, Inc. Trypsin was purchased
from Promega. DSS was purchased from Pierce.
Enzyme purification – Bovine rod PDE6 was purified from bovine retinas as described [105].
Pαβ catalytic dimers lacking Pγ were prepared by limited trypsin proteolysis and re-purified by
gel filtration chromatography prior to use.
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Biochemical and cross-linking conditions – Chemical cross-linking was carried out using 200
molar excess of the cross-linking reagent DSS relative to Pαβ in four different allosteric states:
Pαβ alone, Pαβ with cGMP, Pαβ with Pγ, Pαβ with cGMP and Pγ, and PDE6 holoenzyme. The
phosphodiesterase inhibitor vardenafil was included whenever cGMP was added to block
catalytic activity. Pαβ or PDE6 was present at 2.8 pmol (approximately 0.5 µg in volumes
ranging from 10 µL to 20 µL), and incubated with 100 µM vardenafil, and 10 mM EDTA for 40
min at RT where indicated. Reactions with 5 pmol Pγ and 1 mM cGMP were incubated for 10
min. Cross-linking took place for 1 hour at RT, and was quenched with 0.8 M NH4OH for 15
min. All reactions took place in cross-linking buffer (20 mM HEPES, 20 mM KCl, 5 mM MgCl2
pH 8) and the volume was concentrated from 80 µL to ~30 µL before separation by 4-15%
gradient SDS-PAGE.
LCMS sample preparation and analysis – Cross-linked samples were separated by SDS-PAGE
followed by in-gel digestion and LCMS/MS analysis as described in Chapter 2.

Data Analysis – Extracted peptides were identified by Protein Prospector per the parameters
indicated in Chapter 2. Cross-linked peptide and dead-end cross-link ion intensity was recorded
by extracted ion chromatogram using an in-house developed Python script for calculating peak
heights and percent cross-link intensity using the formula

%𝐼𝑛𝑡 =

∑𝑍 𝐶𝑟𝑜𝑠𝑠𝑙𝑖𝑛𝑘
∑𝑍 𝑆𝑖𝑡𝑒 1 + ∑𝑍 𝑆𝑖𝑡𝑒 2

where site 1 and site 2 are the sum of cross-link intensity across charge states ± 2 of the cognate
dead-end peptides.
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3.3 Results
Though quantitative CXMS analysis using isotope-coded cross-linkers can provide
valuable information on the nature of conformational changes, most commercially available
isotope-labeled cross-linkers are supplied in two heavy/light forms, allowing only pair-wise
comparison. In addition, using the product of dead-end cross-links can potential magnify the
error for residue reactivity normalization (discussed in details in Chapter 2). An alternative
approach is to use label-free quantitation, which allows direct comparison of multiple
conformations and higher throughput of analysis. Since other physicochemical factors, in
addition to the distance of cross-linked residue, affect MS ion intensity of cross-linked peptides,
it is important to normalize quantitative MS data with the contribution of residue reactivity.
Conceivably, the percentage of molecules that undergo productive cross-linking reactions can be
a parameter, independent of residue reactivity and mainly determined by residue distances and
local secondary structures. In addition, the competing hydrolysis reaction is a dominant side
reaction, producing significantly higher abundance dead-end cross-links than cross-linked
peptides for most available cross-linked residues. Therefore, percent cross-link intensity is
calculated by dividing the peak height of the cross-linked peptide by the sum of the two cognate
dead-end peptides. Larger values indicate an increased cross-linking propensity, and differing
values are indicative of more dramatic conformational changes because a larger proportion of the
ion intensity is due to the cross-linked peptides rather than either of the dead-end peptides. To
probe inter-domain allosteric interactions within Pαβ, we performed cross-linking experiments in
four different biochemical conditions as described in Figure 1A. A fifth condition, native

30

Figure 1
A
i.
ii.
iii.
iv.
v.

Pαβ
Pαβ + cGMP
Pαβ + Pγ
Pαβ + cGMP + Pγ
PDE6 holoenzyme

Fig. 1A Pαβ is depicted alone (condition i), with allosteric cGMP bound
(condition ii), with Pγ (condition iii), and with both cGMP and Pγ (condition iv)

B

αγ/βγ/αγγ/βγγ

Fig. 1B Cross-linking reactions were separated on gradient SDS-PAGE,
resulting in two or three distinct bands for each reaction condition.
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purified PDE6, was also included as a control to compare with condition 4. From the resulting
SDS-PAGE (Fig. 1B), distinct bands were visible at 250 and 90 kDa. For conditions 3, 4, and
the holoenzyme, an additional band at 100 kDa was present, indicating either Pα or Pβ bound
with Pγ.
Following LCMS/MS analysis, dead-end and cross-linked peptides were identified from
each band, and the resulting calculated proportional intensities are presented in Table 1. When a
cross-link was identified in more than one band within a lane, the average proportional intensity
was reported. Standard deviation of each cross-linked peptide within a lane, for each lane, and
was found to be consistently within 0.1 (10%), with two exceptions: β817- β763 in condition 1
(Pαb alone) and condition 2 (Pαβ with allosteric cGMP), which had a standard deviation of 0.1
and 0.2, respectively. Technical variation within each lane (biochemical condition) was
calculated by calculating the pooled standard deviation of all replicate incidences, and was
within 0.10. Given that the overall technical variation is about 0.10, any change in percent
intensity greater than 0.20 can be considered significant in terms of relative cross-linking
propensity when comparing one biochemical condition to another.
Dead-end cross-links were used to detect changes in residue reactivity and cross-linking
propensity of cross-linked residues. Some cross-links were unchanged from one situation to
another, such as β817-β826, which maintains a consistent percent intensity of ~0.8-1.1 (except
for the reduction by half the percent intensity in the native holoenzyme), and β817- β827 which
is consistently ~0.25-0.39. Most of the other cross-linked peptides undergo significant changes
in percent intensity from one biochemical situation to another. Notably, β826-β827 maintains a
constant percent intensity until both allosteric cGMP and Pγ are bound, which indicates a
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Table 1
Pαβ
only

Mean Proportional Intensity
Pαβ
Pαβ recons. holo
+cGMP +Pγ
PDE6 PDE6

subunit
α
α

AA
1
534
620

AA
2
581
447

1.295
0.421

0.176
0.208

0.23
0.39

0.178
0.231

0.174
0.729

K(1887.0214)DIFQDM(Ox)VK

α

620

447

0.313

---

0.45

---

---

TMFQK(440.2747)IVDQSK

K(1461.7538)R

ALADEYETK(1051.5550)MK

NK(1435.6905)ADELPK

ALADEYETK(1097.5605)MK

GLEEEK(1435.6905)QK

ALADEYETK(1097.5605)M(Ox)K

GLEEEK(1451.6854)QK

GLEEEK(1051.5550)QK

NK(1097.5605)ADELPK

K(1301.7959)FQIPQEVLVR

ILK(1493.8606)EVLPGPAK

TMFQK(440.2747)IVDESK

K(1462.7378)R

ALADEYEAK(1007.5651)VK

NK(1373.7078)AAELPK

ALADEYEAK(1097.5605)VK

ALEEDQK(1373.7078)K

ALADEYEAK(814.4436)VK

K(1373.7078)ETTAK

ALADEYEAK(814.4436)VK

ETTAK(1373.7078)K

α
α
α
α
α
β
β
β
β
β
β

683
819
819
819
827
532
681
817
817
817
817

677
765
827
827
765
490
675
763
826
827
832

1.259
0.062
0.551
0.275
0.431
0.031
1.118
0.642
0.949
0.258
0.213

1.024
--2.115
0.418
0.91
----1.705
1.066
0.392
0.165

0.68
--2.05
----0.04
--0.3
0.85
0.22
0.17

0.231
--2.271
1.257
0.494
----0.776
1.009
0.246
0.22

1.656
--1.821
0.831
------0.231
0.466
0.14
0.197

4

ALADEYEAKVK(814.4436)ALEEDQK

ETTAK(2187.0947)K

β

819

832

---

---

---

---

0.82

4
3
3

ALEEDQK(1007.5651)K

NK(1097.5605)AAELPK

ALEEDQK(814.4436)K

K(1097.5605)ETTAK

ALEEDQK(814.4436)K

ETTAK(1097.5605)K

β
β
β

826
826
826

763
827
832

--0.168
---

0.16
0.182
0.137

--0.16
0.11

--0.081
---

0.036
0.086
0.085

m/z
551.8281
753.4062

z
4
4

Peptide 1

Peptide 2

VVDK(553.3588)FHIPQEALVR

LK(1787.9934)R

SQNPLAK(1260.6424)LHGSSILER

K(1887.0214)DIFQDMVK

757.4059

4

SQNPLAK(1276.6373)LHGSSILER

588.9935
588.3008
799.402
804.7332
503.7685
665.4039
589.3216
748.7424
778.7407
513.5274
513.5274

3
4
3
3
4
4
3
3
3
4
4

716.8768
492.772
592.3184
592.3191

Table 1. For each cross-linked peptide identified, the mean proportional intensity was calculated in each biochemical
condition. In cases where only one of the cognate dead-end peptides was found, the value is underlined. Dashed indicated
cases in which neither one was found. AA1 and AA2 are arbitrary designations for the two amino acids participating in the
cross-link.
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Figure 2
A

B

Fig. 2 A. Distribution of standard deviations for cross-linked peptides within each lane. Each
lane corresponds to a different biochemical condition. B. A cross-linked peptide found only
in the Pαβ condition, and its extracted ion chromatograph with peak height indicated.
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Figure 3
A
K675-K681 β

K765-K819 α
K765-K819 β

B

K819-K832 β
K826-K832 β
Fig 3. A. Catalytic domain of Pαβ (only), with three pairs of cross-linked lysines
highlighted in green. The inset shows a reverse-side view. B. Catalytic domain of PDE6
(Pγ and cGMP not shown). A set of three cross-linked lysines is highlighted in green.
Models shown are based on final_model.pdb [4].
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potentially important region responding to the tandem effects of both regulatory ligands. These
two residues are on an extended loop at the end of the catalytic domain, so this reduction in
percent cross-linking propensity is consistent with previous experiments which showed Pγ
directly blocking the active site of the catalytic domain [99, 104]. And since allosteric binding of
cGMP enhances binding of Pγ, it is reasonable that we see this effect more distinctly in the
holoenzyme condition.

3.4 Discussion
The identification of structural elements within the catalytic domain which reflect
allosteric binding of ligands is congruent with previous work [41, 103, 100, 107]. However,
none of the cross-links were in the H- or M- loops, which have previously been identified as
exhibiting important structural features for Pγ binding [107]. This is not entirely surprising
given the relatively interior situation of these loops and comparative lack of lysine residues.
Surprisingly, condition four, which is the reconstituted holoenzyme, bears several differences to
the natively purified holoenzyme. The natively purified holoenzyme yielded more cross-linked
peptides than the reconstituted enzyme, and featured a cross-linked peptide for which the deadend links were not found, meaning β819 and β827 were either cross-linked together or not at all,
so they exhibit high propensity for cross-linking with each other. Further experimental replicates
will be useful for confirming these results. Vardenafil and EDTA, which were both present in
condition four but not in with the holoenzyme, or some alteration to Pαβ during trypsinization of
Pγ, may account for these differences. Or, perhaps Pγ can exhibit multiple binding
conformations such that is contacts different residues on the surface of Pαβ than would be found
with PDE6 purified in native conformation.
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Considering previous research which indicates a reciprocal enhancement of binding of
the Pγ1-60 and Pγ63-87, it would be interesting to conduct additional experiments which return a
sampling of crosslinks from the GAF domain in addition to the catalytic domain to determine the
extent to which binding of Pγ and cGMP propagate through Pα and Pβ, and the structural basis
for the inter-domain allosterism reported here and elsewhere. Many fundamental questions
remain unanswered, including how the binding of P subunits in GAF domains is structurally
propagated to the distal catalytic domains, and the structural basis for the synergistic binding of
cGMP and P subunits to GAF domains.
Recent developments in nanodisc technology present intriguing possibilities for this work
[106]. Pαβ mounted on a nanodisc could not only improve cross-linking efficiency, but also
provide a more physiologically relevant context for the interactions within and between subunits.
Transducin could be included in the cross-linking experiments to further characterize the
“transducisome” [99]. While there is some evidence that membrane binding does not affect
cGMP binding activity [100], such an experiment would provide confirmation that it also does
not affect Pγ binding activity.
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Chapter 4. Summary and Contribution of Thesis
Protein multifunctionality has recently been recognized as a widespread phenomenon that
underlies the complex genotype/phenotype relationship [108]. Contextual information inside the
cell, such as local pH and ligand concentration, presence of interaction partners and
posttranslational modifications, modulate the component and conformation of proteins and
protein complexes to regulate protein function outcome. Consistent with this idea, more and
more proteins have been observed to exist in conformational equilibrium [84, 109] and a single
amino acid substitution can completely change the fold and function of a protein [110].
Consequently, structural information specific to the cellular context is important to understand
complex processes inside the cell. Recent progress in structural proteomics has laid important
foundation work. However, measurements to elucidate conformational changes under specific
biochemical conditions can reveal underlying mechanisms of complex cellular processes.
Over the past several years with the developments in bioinformatics, CXMS has
gradually grown into a method of choice especially for challenging biological systems. CXMS
provides a sensitive and robust approach to elucidate spatial proximity of amino acids and offers
valuable structural insights. Besides generating binary results to elucidate spatial proximity of
cross-linked residues, quantitative CXMS data can potentially shed light on conformational
changes. The idea has indeed been employed by multiple studies to reveal large domain
rearrangements in different biochemical states. Although biochemical conclusions from these
studies, derived from drastic changes in MS signal intensity from several cross-linked pairs that
cluster in 3-D space, are likely correct, multiple physicochemical factors can impact crosslinking yield.
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In this thesis, we perceive that the quantity of surface modified peptides provides
important contextual information about the cross-linked residues regarding the local
environment, thus correlates with their reactivity towards the cross-linker. Furthermore, we
hypothesize that we can deconvolute the impacts of residue solvent accessibility and pKa values
by using surface modified peptides to potentially infer distance information from MS signal
intensity of the cross-linked peptides. By considering quantitative MS data of surface modified
peptides and separating residue reactivity and distance, we are able to provide additional
information on the nature of conformational changes in distance biochemical states.
To test this idea, we used the structurally well-characterized E. coli Hsp90, HtpG, as a
model system and obtained quantitative CXMS data from two distinct HtpG conformations.
Contrary to conventional practice, we did not observe any obvious correlation between the MS
signal intensity of cross-linked peptides and the distance of cross-linked residues. Our data
demonstrate that both the pKa values and solvent accessibility of the cross-linked residues
contribute to the reactivity of the cross-linked Lys residues. Furthermore, after reactivity
normalization of cross-linked residues, an improved correlation could be observed between the
MS signal intensity of cross-linked peptides and the distance of cross-linked residues.
Normalization to the cognate surface modified peptides allows one to correct for the local
environment of the amino acid side chains.
PDE6 represents an intriguing challenge for the study of protein complexes, and its
unique role in vision lends it particular biomedical relevance. Previously, we have used
structural information derived from chemical cross-linking and electron microscopy to build a
computational model of PDE6 holoenzyme [41], which reveals a unique open configuration for
PDE6 catalytic domains that is distinct from the crystal structure of apo PDE2 [111]. The distinct
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open configuration provides structural insights on two unique features of PDE6 in PDE family
enzymes, namely the inhibitory P subunit and the diffusion-control catalysis rate.
To further understand the underlying mechanisms of allosteric regulators, the inhibitory
Pγ subunit and the allosteric cGMP, we carried out quantitative CXMS analysis and compared
four different allosteric states of PDE6 effector enzyme. After reactivity normalization, we
observed a tight distribution of cross-linking propensity among cross-linked pairs within
identical allosteric states, indicating minimal perturbation of protein conformation under our
cross-linking conditions. In addition, we observed substantial conformational changes in
catalytic domains, elicited by allosteric cGMP binding in distal GAF domains. Our data reveals
structural elements that mediate allosteric regulation of PDE6 enzyme, providing biochemical
insights on the coupling of cellular cGMP levels and PDE6 activation-deactivation cycle.
Considering the robustness of the CXMS approach, additional structural information may
be gained by using other kinds of cross-linking reagents in an effort to sample areas other than
the catalytic domain. Also, cross-linking of PDE6 in situ, after rod outer segment purification
but prior to hypotonic extraction, may serve as an additional level of biochemical experimental
control, since the membrane-bound enzyme should match the reconstituted version. The
methods outlined in this work provide a platform upon which to understand cross-linked peptides
within proteins and complexes. The value of this research to the study of vision, protein
interactions, and the general operations of cells makes further research potentially quite
profitable to society as a whole.
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